Several theories have been proposed to explain the development of harmful algal blooms (HABs) produced by the toxic dinoflagellate Karenia brevis on the West Florida Shelf. However, because the early stages of HAB development are usually not detected, these theories have been so far very difficult to verify. In this paper we employ simulated Lagrangian coherent structures (LCSs) to trace the early location of a HAB in late 2004
Introduction
The largest and most frequent harmful algal blooms (HABs) caused by the toxic dinoflagellate Karenia brevis tend to occur along the southern portion of the West Florida Shelf (WFS) [Steidinger and Haddad , 1981; Kusek et al., 1999; Brand and Compton, 2007] . Associated with typical HAB events is widespread death of sea life resulting from the brevetoxins produced by K. brevis [Bossart et al., 1998; Landsberg and Steidinger , 1998; Landsberg, 2002; Shumway et al., 2003; Flewelling et al., 2005] .Brevetoxins are also known to cause injury to humans through ingestion of contaminated seafood, skin contact, or inhalation of aerosolized brevetoxins in coastal regions [Backer et al., 2003; Kirkpatrick et al., 2004] .
Dinoflagellates have slow growth rates [Brand and Guillard , 1981] . As a result, a necessary condition for achieving a high dinoflagellate population density is that physical processes (stretching and folding of fluid elements) do not act to significantly reduce the population density during the growth phase. Indeed, dinoflagellate blooms often occur in enclosed basins. The tendency of K. brevis to cause large HABs along the southern WFS may then be explained by the presence of a cross-shelf transport barrier that has been revealed in the analysis of drifter trajectories [Yang et al., 1999] and in an appropriate synthesis of modeled surface currents [Olascoaga et al., 2006] . In Olascoaga et al. [2006] it was hypothesized that the presence of such a transport barrier, which was characterized as a Lagrangian coherent structure (LCS), provides favorable conditions for the development of HABs in the southern WFS by inhibiting cross-shelf transport and thereby allowing for a greater nutrient buildup. We remark that, being of a fundamentally Lagrangian nature, Satellite ocean color sensors have demonstrated the ability to provide a very useful HAB monitoring capability [Tester et al., 1998; Stumpf et al., 2003; Tomlinson et al., 2004; Hu et al., 2005; de-Araújo-Carvalho et al., 2007] . To be detectable by current satellite sensors, however, the K. brevis cell concentration must be of the order of 10 5 cell l −1 (equivalently 1 mg Chl m −3 ) [Tester et al., 1998 ], which may take a period of about one month from background concentration to be attained [Tester and Steidinger , 1997; Steidinger et al., 1998 ]. As a consequence, satellite ocean color imagery by itself is not capable of detecting HAB initiation, and hence cannot be used to determine what factors favor HAB development, which is a subject of continuous debate.
Earlier work [Rounsefell and Nelson, 1966] has associated the development of HABs on the WFS with river runoff, pollution, and other nutrient enriching phenomena produced by human activities. Consistent with this earlier work and the increase in the frequency of HABs experienced during the last century, a recent study [Brand and Compton, 2007] has indicated that K. brevis concentrations are indeed higher near the shoreline than offshore, and that nutrient-rich freshwater runoff from land is likely to be a major source of nutrients for the development of HABs. Other investigators [Hu et al., 2006] 
Lagrangian Coherent Structures
A practical way to identify LCSs consists in computing direct finite-time Lyapunov exponents (DFTLEs) [Haller , 2001 [Haller , , 2002 Shadden et al., 2005; Lekien et al., 2005; Shadden et al., 2006; Mathur et al., 2007; Lekien et al., 2007; Green et al., 2007] . The DFTLE is a scalar that measures the finite-time average of the maximum separation rate of pairs of passively advected fluid particles. More specifically, the DFTLE is defined as
where denotes spectral norm and x(t 0 + τ ; x 0 , t 0 ) is the position at time t 0 + τ of a fluid particle that at time t 0 was located at x 0 . The latter is obtained by integrating the particle trajectory equatioṅ
where the overdot stands for time differentiation and u(x, t) is the fluid velocity.
Regions of maximum material line stretching produce local maximizing curves or "ridges" in the DFTLE field. When the DFTLE is computed by integrating particle trajectories backward (forward) in time, τ < 0 (τ > 0), a ridge in the DFTLE field cor- 
Tracing the Early Development of the Harmful Algal Bloom
In this section we trace the early development of the HAB described in Hu et al. [2005] using the simulated LCSs, which, as explained above, carry critical information that strongly constrain fluid particle motion. We thus concentrate on the DFTLE fields shown puted by integrating (2) using the same HYCOM-based flow description u(x, t) employed in computing the DFTLE fields. will never enter the banana-shaped region. Contrarily, these particles will disperse over a region characterized by a highly intricate underlaying LCS.
In the following section we consider a simplified population dynamics model which reproduces the observed HAB's main characteristics. The population dynamics model considers initial nutrient sources located in the two regions of potential early HAB development estimated above based on the information contained in the modeled LCSs.
Population Dynamics Model
A number of biological and physical factors contribute to the initiation, growth, maintenance, and demise of HABs produced by K. brevis. We consider nutrient supply and surface ocean circulation constraints as the most important factors. Consistent with these assumptions, we formulate a population dynamics model in which the nitrogen concentration is determined in two compartments, nutrients (N) and phytoplankton (P ), which is partly justified by the lack of K. brevis grazers [Steidinger , 1973] .
We further assume that these densities are passively advected by surface currents, which are described by the HYCOM simulation of the WFS. The equations describing the evolution of N and P take the form [Riley, 1963; Wroblewski and O' Brien, 1976; Wroblewski et al., 1988] 
The nutrient-limited phytoplankton growth is assumed to have a maximum rate µ = 0. However, they are sensitive to the location of the nutrient sources, which were revealed in the LCSs analysis, and the characteristics of these sources, which may be understood as follows. For particles released in the vicinity of the Caloosahatchee River, the assumed nonoligotrophic initial nutrient concentrations may be associated with nutrient-rich water from land runoff, which are believed to play an important role in HAB development [Brand and Compton, 2007] . 
Summary and Conclusions
In this paper we have traced the early stages of the development of a harmful algal bloom (HAB) produced by Karenia brevis which was observed on the southern portion of 
